Our current knowledge of recombination hot spot activity in mammalian systems implicates a role for both the primary DNA sequence and the nature of the chromatin domain around it. In mice, the only recombination hot spots mapped to date have been confined to a cluster within the major histocompatibility complex (MHC) region. We present a high resolution analysis of a new recombination hot spot in the mouse genome which maps to mouse chromosome 8 C-D. Haplotype diversity analysis across 40 different strains of mice has enabled us to map recombination breakpoints to a 1-kb interval. This hot spot has a recombination intensity that is 10-to 100-fold above the genome average and has a mean gene conversion tract length of 371 bp. This meiotically active locus happens to be flanked by a transcribed region encoding a non-protein-coding RNA polymerase II transcript and the previously characterized repair site. Many of the primary DNA sequence features that have been reported for the mouse MHC hot spots are also shared by this hot spot locus and in addition, along with three other MHC hot spot loci, we show a new parallel feature of association of the crossover sites with the nuclear matrix.
Most of the advances in our understanding of meiosis and recombination have come from studies of lower eukaryotes, in particular Saccharomyces cerevisiae. Recombination initiates via programmed double-strand breaks at the leptotene interval which are resected and undergo strand exchange and finally give rise to double Holliday junctions by the mid-pachytene interval. Mature crossover products follow around the end of pachytene (14, 24) . It is generally believed that a similar process operates in higher eukaryotes, including mammals. The rate of recombination is not a uniform function of the physical distance between two markers, leading to the concept of recombination hot spots and cold spots (36) . In mice and humans, regions are generally termed as hot spots if their recombination frequency significantly exceeds 1 centimorgan (cM)/ Mb. There are three methods that have been used to map hot spots in mammals. The classical method is to correlate physical distances with genetic distances established by standard pedigree-based linkage analysis. The resolution of this method is limited by the density of markers, the number of individuals examined, and the number of recombination events that occur in a typical pedigree. Methods based on linkage disequilibrium (LD), which refers to the nonrandom association of alleles at linked sites, take into account ancestral recombination events, which would be far greater than those observed from any pedigree-based linkage study, leading to a finer mapping of recombination hot spots. Most measures of LD quantify the degree of association between pairs of markers which decreases as a function of physical distance between them due to increased probability of recombination between the markers. However, both of these techniques do not have the resolution to characterize crossovers at a molecular level. The technique of mapping by sperm typing uses PCR to examine alleles present in haploid sperms and offers the highest possible resolution and characterization of hot spots, due to the availability of unlimited number of sperms, each of which is a product of a meiotic event (2) . However, sperm typing does not give information on recombination rates in females, is technically demanding, and requires a large number of heterozygous markers in the region being studied. Hence, population genetic methods based on LD can be very useful to infer recombination rates from patterns of genetic variation among DNA sequences (49) .
Several recombination hot spots have been identified in humans and mice. In humans this has been possible because of the availability of high resolution physical and genetic maps, while analysis of recombinants in crosses between laboratory strains have helped identify the hot spots in mice. Among the few hot spots that have been mapped to a fine resolution, the human hotspots include (i) minisatellite-associated hot spot MS 32 (20) , (ii) the CMT1A/HNPP hot spot associated with hereditary neuropathies (39) , and (iii) the major histocompatibility complex (MHC)-associated TAP2 and DNA2 hot spots (19, 21) . In the mouse, a total of eight hotspots have been identified so far (56) , and the ones that have been characterized to a high degree of resolution include (i) the Lmp2/Psmb9 hot spot (32) , (ii) the hot spot located in the Eb second intron (57) , (iii) the Pb hot spot (18) , and (iv) the hot spot located in the Ea fourth intron (22) . All the known mouse recombination hot spots have been identified in the MHC region by pedigree analysis, hence not much is known about the hot spot morphology and the recombination processes operating within them, except for the recently published study of the mouse MHC Eb hot spot showing crossover asymmetry and the re-sulting biased gene conversion of markers (56) . More importantly, little is known about the recombinational activity of DNA outside these mouse MHC hot spots.
The primary DNA sequence features associated with known recombination hot spots are long terminal repeat (LTR) elements, transposable sequences, hypervariable minisatellite sequences (HVMS), and GT repeats (29, 46, 53) . It is now becoming clear that increased accessibility of DNA within the chromatin to the recombination machinery is an important prerequisite for initiating recombination. Open chromatin structure can manifest because of the intrinsic nature of the DNA sequence (bent DNA sequence, scaffold/matrix-associated regions [S/MARs]) that makes it exclude nucleosomes (␤ hot spots) or as a result of transcription factor binding and transcriptional activity in the region (␣ hot spots) (34, 36) . The mechanistic relationship between meiotic recombination and transcription has been substantiated by the global mapping of recombination hotspots in S. cerevisiae (13) .
S/MARs are DNA elements 300 bp to several thousand base pairs long which mediate attachment of the chromatin to the nuclear scaffold or matrix and are separated by loops of approximately 60 to 100 kb. Important processes like replication and transcription have been shown to take place at macromolecular complexes located on the nuclear matrix (30) . Actively transcribed genes are closely associated with the nuclear matrix, although the actual DNA attachment sites are within the noncoding regions. S/MARs are expected to be recombinogenic due to their significant potential for alternate secondary structure and the presence of curved sequences, which promote base unpairing under superhelical stress (5). This expectation is supported by the observations that transfected S/MAR constructs integrate at much higher copy numbers than their S/MAR-free counterparts and that they are the dominant integration sites for retroviruses (5) . S/MARs have therefore been shown to be associated with illegitimate and site-specific recombination, though nothing much is known about their association with meiotic recombination.
The pachytene interval of meiotic prophase is also known to exhibit high levels of DNA repair synthesis (35) . DNA polymerase ␤ has been shown to immunolocalize to discrete sites along homologous chromosomes during zygotene and pachytene intervals (37) . More recently, a novel DNA polymerase, polymerase , has been reported which is expressed only in late pachytene spermatocytes (12) , suggesting distinct functions for DNA polymerases ␤ and during meiotic recombination. Earlier work from our laboratory, while characterizing the DNA repair sites of pachytene spermatocytes, had resulted in the isolation of a 1.3-kb DNA fragment from the rat genome, which contained several recombination potentiating sequences (38) , that is highly conserved in most mammalian species (unpublished data). We have now isolated a larger 17.2-kb fragment from the mouse genome flanking the mouse 1.3-kb sequence and used haplotype and LD analysis to provide evidence that the 17.2-kb locus in the mouse genome does define a recombination hot spot. We also provide the first estimate of the recombination parameter R for any mouse hot spot locus and the recombination intensity and average size of gene conversion tracts for this locus. A close correlation between hot spot activity and the presence of S/MAR elements was observed for the 17.2-kb locus as well as for the three other previously mapped mouse MHC hotspots. Our results therefore suggest S/MAR elements may define an important new molecular feature of meiotic hotspot activity in the mouse genome. We also find a novel 2.4-kb non-protein-coding RNA polymerase II transcript located at the 5Ј end of the crossover domain in the 17.2-kb hot spot locus.
MATERIALS AND METHODS
Cloning of the mouse 17.2-kb fragment. The mouse 1.3-kb fragment was amplified from genomic DNA by using primers 1 and 2 (Table 1) designed based on the sequence of the rat 1.3-kb fragment, and the sequence identity was confirmed. The 564-bp sequence (118 to 682 bp within the 1.3-kb repair fragment) devoid of repeat elements, and thus representing a unique sequence, was amplified using primers 3 and 4 and used to screen the mouse genomic library. We screened 3 ϫ 10 5 plaques of a mouse (Mus musculus 129/SvEvTacfBR) genomic library constructed in Lambda FIX II vector (Stratagene) with the 564-bp radioactive probe. The 17.2-kb insert was released from the only positive clone obtained by NotI digestion, and its identity was confirmed by Southern blot analysis (42) . Four smaller contigs of 3.4, 4.0, 4.5, and 5.3 kb were generated from the 17.2-kb fragment following restriction with NotI and BamHI. The 4.0-and 4.5-kb contigs were cloned into the BamHI site of plasmid pUC 18, and the 3.4-and 5.3-kb contigs were cloned into the NotI/BamHI sites of Bluescript vector pBS SKϩ. The clones were sequenced by the primer-walking method, and the individual sequence reads were assembled together to generate the entire sequence of the 17.2-kb fragment by using the fragment assembly program of GCG software.
In silico sequence analysis. Analysis for the presence of exons, promoter elements, poly(A) sites, and CpG islands and BLAST searches of the DNA, protein, and EST databases were done using the NIX suite of programs run on the HGMP bioinformatics server at http://menu.hgmp.mrc.ac.uk/menu-bin/Nix /Nix.pl and the CpG island searcher program at http://ccnt.hsc.usc.edu/cpgislands. Gene models were also constructed by the NIX suite of programs by pattern recognition of different types of exons, promoters, splice sites, and poly(A) signals followed by dynamic programming that puts them together in the most optimal combination. The programs Repeat Masker (http://ftp.genome.washington.edu/RM /RepeatMasker.html), MARFINDER (http://www.futuresoft.org), THERMO-DYN (http://wings.buffalo.edu/gsa/dna/dk/WEBTHERMODYN), and mfold (http: //bioweb.pasteur.fr/seqanal/interfaces/mfold.html) were used for identifying ge- Chromosome localization by mapping with radiation hybrid panels. DNA samples from 96 mouse-hamster cell lines from the T31 radiation hybrid panel were purchased from Research Genetics. Approximately 50 ng of DNA from each of these samples was used for PCR analysis. We sequenced the 1.3-kb fragment from the hamster genome, and due to the conserved nature of the mouse and hamster 1.3-kb sequences, we used primers 5 and 6, which amplify an 800-bp product specifically from the mouse genome, from a region adjacent to the mouse 1.3-kb position in the 17.2-kb fragment. As an internal control we used primers 7 and 8, which amplify a 260-bp product from both the mouse and hamster 1.3-kb locus. Each of the 96 DNA samples from the radiation hybrid panel was scored for the presence of the 800-bp product specific to the mouse 17.2-kb fragment, as well as for a 260-bp product that amplifies from both the mouse and hamster 1.3-kb sequences. The Jackson Laboratory RH database server was used for interpretation of the data from which the chromosomal location of the 17.2-kb locus was identified.
Northern blotting, RT-PCR, and primer extension. Poly(A) ϩ RNA was isolated from mouse liver and testis by standard methods and electrophoretically separated (2 g/lane) on a 1% agarose gel containing 2.2 M formaldehyde. After transferring to nylon membranes, the blot was probed with each of the 32 Plabeled contigs. For multiple-tissue Northern analysis, the mouse MessageMap blot (Stratagene) containing electrophoretically separated poly(A)
ϩ RNA was probed with the 900-bp reverse transcription (RT)-PCR product amplified with primers 9 and 10. ␤-Actin cDNA was used as an internal control. RT-PCR to amplify the 2.4-kb transcript was performed using total RNA prepared from mouse testis, which was reverse transcribed into cDNA using avian myeloblastosis virus reverse transcriptase (Invitrogen) with the antisense primer 12 at 52°C, followed by PCR amplification with primers 11 and 12 by standard techniques. The transcription start site for the 2.4-kb transcript was determined by primer extension on mouse testis total RNA by using primer 13 end-labeled with ␥-32 P. The extension products were run on a 6% polyacrylamide gel containing 8.3 M urea and were autoradiographed.
Haplotype diversity analysis. Genomic DNA for the M. musculus species was obtained from Jackson Laboratories for all of the 33 strains except for Swiss, BALB/c, CD1, C3H, C57, and FVB/n. For these laboratory strains, DNA was isolated from the tails of mice by standard procedures. For strain 129/ SvEvTacfBR, the genomic library in FIX II vector was available. For haplotype analysis, a 1-kb region from 13.3 to 14.3 kb was PCR amplified using the primer pair 18 and 19. The PCR products were gel eluted and sequenced on an ABI 377 sequencer. The sequences from all of the 40 strains were aligned using the CLUSTALW program. The DnaSP version 3.5 software (41) was used for the analysis of polymorphism and LD between parsimony informative sites (sites where the low-frequency variant is present at least two times) as well as to perform the Tajima's D test (50) on the unphased diploid genotype data. The Tajima's D test is used for testing the hypothesis that all mutations or polymorphisms seen in a DNA sequence are selectively neutral. Pairwise LD values were plotted against the physical map using MATLAB software. Recombination events were also identified by the four gamete test (17) . Coalescent simulations to simulate the history of our sample for different values of 4Nr were performed using DnaSP. The GENECONV program (44) was used to determine gene conversion tracts (http://www.math.wustl.edu/ϳsawyer). This program looks for aligned segments (after removal of monomorphic sites) for which a pair of sequences are sufficiently similar to be suggestive of past gene conversion events. The similarity is judged based on an unusually long pairwise identity or an unusually high score (matches count as ϩ1 with a penalty for mismatches) for that pair of sequences.
Association of the 17.2-kb locus and mouse recombination hot spots with the nuclear matrix. Matrix and loop DNA were prepared from mouse total testis. The testis were decapsulated and treated with 0.04% collagenase in 1ϫ phosphate-buffered saline containing 0.2% bovine serum albumin and 0.1% sucrose at 30°C for 20 min to make a cell suspension which was pelleted at 500 ϫ g at 4°C and washed thrice in 1ϫ phosphate-buffered saline. Isolation of nuclei and subsequent preparation of MAR and loop DNA were done according to the low-salt lithium diiodosalicylate (LIS) method of Mirkovitch et al. (31) . Briefly, the nuclear pellet was obtained after cell lysis with 20 mM KCl and 0.1% digitonin, and the integrity of the nuclei was confirmed by DAPI (4Ј,6Ј-diamidino-2-phenylindole) staining. Nuclei were incubated at 37°C for 20 min, followed by the addition of extraction buffer containing 25 mM LIS. The resulting nucleoid structure was pelleted at 2,400 ϫ g for 20 min at room temperature and washed with digestion buffer to remove LIS. Restriction enzyme digestion was performed using EcoRI and NcoI, each at 500 U/ml in combination at 37°C for 6 h. The S/MAR fraction was pelleted from the digested loop DNA by centrifugation at 2,400 ϫ g for 10 min at 4°C, and both fractions were purified using standard DNA extraction techniques. The authenticity of the S/MAR pellet was also checked by analyzing the acid (0.25 N HCl)-extracted proteins on a sodium dodecyl sulfate-12% polyacrylamide gel electrophoresis. Total genomic DNA was isolated from the nuclei by standard procedures. Total input DNA was estimated by solubilizing the nuclei in 2 M NaCl and 5 M urea and measuring the absorbance at 260 nm. Accurate estimates of the MAR, loop, and total DNA concentrations for PCR were obtained using a spectrofluorimeter with the dye Hoechst 33258 (26) . In addition to analyzing the partitioning of different regions of the 17.2-kb locus between the matrix and the loop, we have also analyzed the predicted MAR regions of the mouse recombination hot spots. For this purpose, primers 20 and 21 (for Ea), 22 and 23 (for Psmb9), 24 and 25 (for Pb), and 26 and 27 were designed based on published sequence data for amplifying the mapped crossover segments for the Ea, Psmb9, and Pb hot spots and the experimentally known immunoglobulin (Ig) kappa light chain MAR sequence as a positive control (6) . The domain C (13,500 to 14,000 bp; also see Fig. 10 ) corresponding to the crossover region of the 17.2-kb fragment was amplified using primers 28 and 29. A locus upstream and adjacent to the transcribed noncoding RNA which is flanked by EcoRI and NcoI sites with a predicted low MAR potential (domain E, 360 to 800 bp; also see Fig. 10 ) was amplified using primers 30 and 31 and used as a negative control. PCR was performed on 150 ng of MAR, loop, and total DNA for 25 cycles, where the amplification was seen to be in the linear range. Subsequently, aliquots of the PCR products were electrophoresed on a 1% agarose gel, stained with ethidium bromide, and quantified densitometrically in a Bio-Rad gel documentation system. The enrichment factor of a particular sequence in the MAR fraction was calculated as the band intensity in the matrix divided by the sum of intensities of matrix plus loop fractions (9) . Equal efficiency of PCR amplification in the MAR, loop, and total genomic DNA was judged by the ratio between the sum of intensities of MAR plus loop fractions and band intensity of the PCR product with total genomic DNA as an internal control.
Nucleotide sequence accession numbers. The nucleotide sequence of the 17.2-kb fragment has been submitted to GenBank under the accession number AF 393505. The sequence of the 1.3-kb fragment from the hamster genome was submitted under accession number AY187064.
RESULTS
A 17.2-kb mouse genomic fragment flanking the mouse 1.3-kb meiotic repair site maps to chromosome 8 C-D. As an initial step towards further understanding the meiotic DNA repair locus (1.3-kb fragment), we embarked on isolating a larger fragment from the mouse genome containing this repair fragment so that we could analyze in greater detail various molecular features associated with this locus. For this purpose, we first amplified the 1.3-kb fragment from the mouse genomic DNA by using primer pairs based on the rat sequence and confirmed its sequence identity. We identified a 564-bp sequence stretch (118 to 682 bp) within this 1.3-kb fragment as being devoid of any repetitive elements, and hence it was used as a radioactive probe to screen a mouse genomic library in FIX II vector. This analysis yielded a single positive signal having an insert of 17.2 kb (Fig. 1A) , which was completely sequenced after subcloning as four smaller contigs of 3.4, 4, 4.5, and 5.3 kb (Fig. 1B and C) . The mouse 1.3-kb sequence was present from 4,560 to 5,800 bp in the 4-kb contig (Fig. 1C) , and thus we had around 5 and 11 kb of additional sequence information on either side of the mouse 1.3-kb fragment to study the sequence context in which it functions as a meiotic repair site. The 17.2-kb fragment was mapped to mouse chromosome 8 C-D by PCR analysis of the T31 mouse-hamster radiation hybrid panel, which included 96 independent hybrid cell lines. A representative gel pattern of the PCR products is shown in Fig. 1D . Out of the 96 hybrid cell lines, 29 were positive for the presence of the 800-bp mouse-specific product, while all of them yielded the 260-bp product which is common 5622 NISHANT ET AL. MOL. CELL. BIOL.
for both mouse and hamster genomes. Analysis of these data by the Jackson Laboratory RH database server gave a logarithm of odds score of 13.2 and 11.1 with respect to the microsatellite markers D8Mit347 and D8Mit79, both of which are located on chromosome 8 at 38.7 and 40 cM, respectively, corresponding to a cytological position of 8 C-D (Fig. 1E) . In silico analysis of the 17.2-kb fragment showed it to be 38% GC rich and to have a repeat sequence content of 39%. The major class of repeats observed were the LTRs, which constituted 22% of the sequence and 56% of the total repeat content. This was surprising considering that LTRs normally comprise around 1% of the genome (28) . The other repetitive elements were the long interspersed nuclear elements, short interspersed nuclear elements (including the Alu and mammalian interspersed repeats), and microsatellite repeats, all of which are shown in Fig. 2 . In silico analysis further revealed two DUEs at 7 and 11.2 kb (Fig. 3) where the helical stability of the duplex, as measured by the ⌬G value, is at least 25 kcal/mol less than the average value for the whole sequence (95.9 kcal/mol). DUEs are known to be associated with eukaryotic replication origins, as its intrinsic helical instability facilitates replication initiation (8) . DUEs are also a feature of S/MARs due to their property of stress-induced duplex destabilization, which is essential for S/MAR function (3). The presence of sequence features corresponding to the transcribed regions analyzed using the NIX suite of programs resulted in the prediction of several exons, two complete gene models, several promoter elements, and poly(A) sites, as shown in Fig.  2 . Interestingly, no CpG islands were detected with either the NIX program or the CpG island searcher program. Two matches to the existing Swissprot and EST databases were also seen. The entire 17.2-kb sequence of the mouse locus was not found in the mouse genome database (http://www2.igh.cnrs.fr /Mouse-Genome_DBS.html); however, complete matches to the high-throughput genomic unfinished mouse draft sequence were seen for many regions of the 17.2-kb fragment.
A transcribed region encoding a novel non-protein-coding RNA flanks the 1.3-kb meiotic repair site within the 17.2-kb fragment. Since there were several exons predicted by different programs, we analyzed whether transcripts were indeed present in the liver and testis total RNA by carrying out RT-PCR analysis using primers across these predicted individual exons in the repeat-free regions of the 17.2-kb sequence. However, no transcripts corresponding to the predicted exons were detected. Northern analysis of poly(A) ϩ RNA from mouse liver and testis using the four different contigs as probes re- (Fig. 4A) . Among the two positive contigs, hybridization with the 4.5-kb contig gave a smear showing that the signal might be due to hybridization of several repeat elements (highest in this contig) showing weak homology with several transcribed sequences. This is not unusual, since many classes of repeat elements have been shown to be transcribed into RNA intermediates (28, 43, 45) . On the other hand, hybridization with the 3.4-kb contig revealed a single transcript of approximately 2.4 kb in size. This was further confirmed by RT-PCR analysis using primer pair 11 and 12 from within the 3.4-kb contig (Fig. 4B ). Artifactual amplification due to contamination with genomic DNA is ruled out, since no other transcripts were detected with other primer pairs. Primer extension analysis (Fig. 4C) approximately 90 nucleotides (longer extension product) from the 3Ј extension primer 13 (Fig. 5A ). Expression profiling of this transcript across eight different mouse tissues with a 900-bp (1.5 to 2.4 kb within the 17.2-kb fragment) probe, derived from the transcribed region amplified using primers 9 and 10, revealed that the transcript was expressed in kidney, liver, spleen, and testis but not in brain, heart, lung, and muscle (Fig. 4D) . Hybridization of the same multiple-tissue RNA blot using the 4.5-kb contig gave smears similar to Fig. 4A (data not shown). The complete nucleotide sequence encoding this transcript within the 3.4-kb contig is shown in Fig. 5A . Sequence analysis of the RT-PCR product also revealed that the sequence is identical to that present in the 3.4-kb contig. A strict correlation between the genomic sequence and the sequence of the RT-PCR product indicates that it is an unspliced transcript. We also observed that a TATA box and a CAAT box are positioned at 775 and 655 bp, which are Ϫ35 and Ϫ155 bp away from the transcription start point which has been approximately mapped to 810 bp (Fig. 5A) . A GC box in reverse orientation was seen at 610 bp, which is Ϫ200 bp away from the transcription start site, and a poly(A) signal sequence with a single nucleotide variation was present at 3,170 bp. Although this transcript has all the known features of polymerase IItranscribed genes, we were surprised to find that no significant open reading frames (ORFs) were seen in the 2.4-kb transcript (Fig. 5B) , and none of the short ORFs shown were preceded by a Kozak consensus sequence. It is now becoming increasingly clear that the mouse genome encodes many nontranslatable transcripts (52) . The functional significance of these transcripts is not clearly known. Some of them have been known to possess extensive secondary foldback structures. In this context, we analyzed the 2.4-kb RNA transcript for potential secondary structures by using the mfold program (temperature, 37°C; ionic strength, 100 mM NaCl), which revealed that the transcript has considerable propensity to posses secondary structure (Fig. 5C) . Breakdown of LD and gene conversion in a 1-kb hot spot locus within the 17.2-kb fragment. As mentioned earlier, the 1.3-kb EcoRI fragment was initially identified as a meiotic repair fragment in the rat genome. We wanted to further examine whether the 17.2-kb locus harboring the 1.3-kb repair fragment does indeed represent a recombination locus. For this purpose, we have resorted to haplotype diversity analysis in various strains of mice. DNA sequence analysis of the 17.2-kb fragment from a different strain of mouse (M. musculus BALB/c) revealed sequence variation between 9.5 and 14.5 kb. The sequence diversity seen was more pronounced between 13.3 and 14.3 kb, and so this 1-kb region was selected for haplotype diversity analysis across 40 different strains of mice from within the M. musculus species which interbreed freely. This 1-kb region was PCR amplified using the primer pair 14 and 15 from the DNA of all the 40 strains and was sequenced. ϩ RNA from brain (B), heart (H), kidney (K), liver (L), lung (Lu), skeletal muscle (M), spleen (S), and testis (T). A 900-bp fragment (from 1.5 to 2.4 kb) from the 3.8-kb contig and ␤-actin cDNA were used as probes.
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The region showed considerable sequence polymorphism (Table 2) with 79 polymorphic or segregating sites (excluding insertion-deletion polymorphisms), 31 of which were parsimony informative polymorphic sites with two variants, referred to as P1 to P31 (Fig. 6 ). Haplotype diversity was further examined by LD analysis of all the pairwise combinations of the 31 parsimony informative polymorphic sites using Lewontin's coefficient DЈ (27) , with DЈ values of Ͻ1 being indicative of the presence of recombinants. A total of 465 pairwise analyses were made, of which 239 were statistically significant by Fisher's exact test and the chi-square test (see the supplemental material). These have been plotted as a matrix (Fig. 7) . Pairs of markers spaced at very short intervals are expected to exist in complete LD with DЈ values of 1. However, DЈ values are seen to drop to 0.77 to 0.79 for 15 of these 239 pairwise associations,
showing that there are polymorphic loci in linkage equilibrium within the 1-kb interval showing presence of recombinational activity (Fig. 7) . These correspond to sites P7 to P15 (13,584 to 13,847 bp), excluding P12, which are in equilibrium with P26 (14,061 bp) and P28 (14,240 bp). This is even more clearly illustrated in the plot of pairwise LD values as a function of the physical map corresponding to this 1-kb interval (Fig. 8A) . The position corresponding to the decay of LD in the matrix thereby positions the region of LD breakdown between 13,584 to 13,847 bp on the physical map. However, intermediate sites are seen to be in tight disequilibrium (see DЈ values of 1 in Fig.  7 and 8A) with each other, which means that these polymorphisms are relatively recent and could be an indication of continued genetic variability being generated in this region by recent recombination events. Another way of inferring that between two sites at least one recombination event has taken place in the history of the sample is to use the four gamete test. This test looks for the presence of all four haplotypes for any two sites which can arise only if at least one recombination event were to have occurred in the history of the sample between the two sites under the infinite site model. Pairwise analysis of all the 31 parsimony informative diallelic sites by the four gamete test (17) resulted in the finding of 29 pairs of sites which had all four haplotypes (Fig. 8B) . The minimum number of recombination events (R M ) which is the maximum number of such nonoverlapping pairs is two, P15:P26 and P29: P30. These correspond to nucleotide positions 13,847 to 14,061 bp and 14,248 to 14,272 bp. The actual number of recombination events would be much higher than this, as the four gamete test significantly underestimates the actual number of recombination events (17) . The Tajima's D test of neutrality (50) did not detect a significant departure (D ϭ Ϫ1.746 at 0.1 Ͼ P Ͼ 0.05) from neutral expectations (D ϭ 0) in a stationary population. The test was negative, which is an indication of the observed excess of low-frequency variants. Since the region is not under selection pressure, the correlation between decay of LD and presence of crossover sites in this region holds true. While for markers that are several kilobases apart the contribution of gene conversion to the overall level of genetic exchange is negligible, for closely linked markers LD may also be broken down by gene conversion, and its role while interpreting short range LD data is significant (1). The program GENECONV was used to detect conversion events in our sample of DNA sequences from 40 strains of M. musculus. Twenty such significant (P Ͻ 0.05) fragment pairs showing gene conversion were detected between different strains, with the size of the conversion tract ranging from 255 to 627 bp (Table 3 ). This shows that gene conversion has played an important role in the pattern of LD seen at this locus. Most of the conversion events were between 13,595 and 13,971 bp, which corresponds to the region of LD breakdown (13, 13,847 bp; Fig. 8A ) and is indicated in Fig. 7 . The average size of the conversion tract was around 371 bp, which is comparable to the average conversion tract length of 480 bp reported earlier for the Psmb9 locus by Guillon and de Massy (14) . Determination of the recombination parameter (R) and recombination intensity value for the 1-kb hot spot locus. Two parameters that play an important role in DNA sequence variation under the neutral-infinite site model are the mutation parameter ( ϭ 4N) and the recombination parameter (R ϭ 4Nr). The value of the mutation parameter () has been estimated to be 19.2/gene or 0.02145/bp (total number of sites, 866) from the number of segregating sites. Estimating R is a little more difficult since it is not directly observable in the sample. However, an observable quantity that is related to R is R M , and one can estimate R by using the coalescent approach to simulate the history of the sample for different values of 4Nr that give the observed R M of 2 (17) . Such simulations performed 1,000 times for different values of 4Nr (from 0.5 to 6 in increments of 0.5) gave an R value of 0.00257/bp (based on an average nucleotide distance between the most distant sites of 972.33) (Fig. 9 A and B) for this locus. The error bounds on this estimate are wide, which is a known drawback of this method (16, 17) . We have therefore also estimated the recombination parameter (R ϭ 4Nr) based on the variance of the average number of nucleotide differences between pairs of sequences (S k 2 in equations 1 and 4 in reference 16). This gave a similar value of 2.50 per locus (1,000 bp) or 0.0026/bp (average nucleotide distance between the most distant sites being 972.33). Given the large data set and the R/ value of 0.1, which is much less than 4 (17), this would probably represent a reliable estimate of R for this locus. We could not get estimates of the effective population size (N) for the mouse population from the literature, and estimating it from this locus (using ϭ 4N) would have a significant upper bias because of the contribution of recombination to the nucleotide diversity at this locus. If one were to assume a value similar to the human population of 10 4 (most eukaryotic populations have N values from 10 3 to 10 4 ) and the R value of 0.0026, we would get an r value of 6.5 ϫ 10 Ϫ7 , which is 10-fold higher than the average value of 0.6 ϫ 10 Ϫ8 (4). With an N of 10 3 , we would get an r value of 6.5 ϫ 10 Ϫ7 , which is 100-fold higher than the average value of the mouse recombination rate. Hence, our estimate of the recombination intensity value for this locus is around 10-to 100-fold higher than the genome average. Association of meiotic crossover DNA segments with the nuclear matrix. DNA transaction processes like DNA replication and transcription in eukaryotes are known to occur in association with the nuclear matrix (31). When we examined the 17.2-kb sequence with the MARFINDER program, we observed three regions at 7, 11.7, and 14.6 kb as having MAR potential based on the presence of sequence features like AT richness, TG richness, Topo II sites, MAR consensus sequences, and kinked DNA patterns that are known to be associated with S/MARs (Fig. 10A) . Interestingly, two of these regions at 7 and 11.7 kb also coincided with the DUEs which have been predicted at 7.2 and 11.2 kb (Fig. 3) . Since association of meiotic recombination hot spots with the S/MARs is not well documented in the literature, we have in addition used the known mouse recombination hot spots in the MHC locus for investigating MAR association. For this, we analyzed the DNA sequences of the four mouse MHC hot spots Ea, Pb, Psmb9, and Eb for potential MAR regions by using the MARFINDER program. The three hotspots Ea, Pb, and Psmb9, whose crossover regions have been mapped to an interval of a few kilobases, revealed a strong MAR potential region exactly with their respective crossover regions (Fig. 10B,  C, and D) . However, such a correlation was not observed with the fourth recombination hot spot locus Eb (data not shown). In order to experimentally verify such an association between crossover sites and the nuclear matrix, we determined the relative enrichment of these sites in S/MAR DNA compared to loop DNA by a PCR-based assay (25) . We used a low-salt extraction procedure using LIS, as it has been reported to preserve the molecular interactions at chromatin loop bases much better than that isolated using the high-salt (2 M NaCl) extraction procedure which can cause sliding or rearrangement of the DNA at the matrix attachment site and can also induce precipitation of transcription complexes onto the matrix, leading to an artifactual transcription-dependent enrichment of active genes in the S/MAR fraction (31) . Restriction endonucleases EcoRI and NcoI, which do not cleave inside the sequence intervals (10.4 to 15.8 kb for the 17.2-kb locus and the crossover segments for the MHC hot spot loci) being tested for matrix attachment, were used instead of a general endonuclease like DNase I, since we were testing theoretical predictions of the positions of matrix attachment points. The sodium dodecyl sulfate-polyacrylamide gel electrophoresis pattern of the proteins associated with the final 25 mM LIS matrix showed the presence of the cytoskeletal proteins around 60 kDa, which exactly matched with the pattern reported in the literature (47) (data not shown), confirming the authenticity of the matrix preparation being analyzed in the present investigation. In the analysis, we also included a known MAR, Ig kappa MAR, as a positive control. The percentage of matrix (4.04% Ϯ 0.03%) and loop (95.25% Ϯ 0.125%) DNA fractions isolated added up to the amount of total input DNA, showing there were no losses during the DNA isolation procedure. Figure 11A to F shows the amplification pattern seen in the loop, matrix, and total genomic DNA after 25 PCR cycles with primer pairs corresponding to the 17.2-kb domain C (13,500 to 14,000 bp), 17.2-kb fragment domain E (360 to 800 bp), crossover regions for the Ea, Pb, and Psmb9 hot spots, and Ig kappa MAR, respectively. Linearity of the PCR product formation using the same primer pairs is shown graphically with respect to the PCR cycle number. All PCR experiments were carried out in triplicate. The ratio of the sum of the PCR product intensities for the matrix plus loop fractions with respect to the intensity from total genomic DNA for all the primer pairs used shown in Table 4 is around 1 Ϯ 0.03, showing equal efficiency of PCR amplification in matrix and loop fractions and total genomic DNA. R values were set at greater than 0.7 for strong S/MARs, between 0.7 to 0.3 for weak S/MARs, and less than 0.3 for non-S/MARs (9). The R values for the DNA fragments tested are shown in Table 4 
DISCUSSION
The present study has defined a new recombination hot spot outside the mouse MHC, in a 17.2-kb mouse genomic fragment encompassing the mouse homolog of a 1.3-kb pachytene repair site isolated from rat spermatocytes (38) . A summary of all the features of this locus is depicted in Fig. 12 . Four distinct domains can clearly be seen to be organized in a sequential manner in the 17.2-kb fragment: a transcribed domain, followed by a pachytene repair site domain which continues to a domain having the crossover breakpoint that overlaps with the MAR domain. Since recombination hot spots quickly destroy LD across small physical regions, knowledge about the location and strength of such hot spots could be valuable for genetic association studies for analyzing complex traits. This is quite important considering that mice offer a large number of advantages, like the availability of mouse models for most common complex human traits, inbred lines that maximize the range of LD, and the ability to increase the power of such analysis by maintaining them in controlled environments that minimize confounding factors (33) . In addition, the availability of recombinant inbred strains helps in the dissection of multigenic traits into a series of single traits that can be analyzed separately, and outbred populations of mice mimic isolated human populations with a strong founder effect (51) which reduces genetic heterogeneity, thereby significantly increasing the genotypic relative risk. Identifying meiotic breakpoints in the mouse genome is thus important and unlike in the human genome, where many recombination hot spots in diverse regions of the genome have been identified, only very few have been identified in mice, all of which are in the mouse MHC complex.
All of the four (Ea, Eb, Psmb9, and Pb) well-characterized mouse MHC hot spots have been identified using genetic crosses, with sperm typing being used to provide more insights into the molecular processes operating inside them for the Psmb9 and Eb hot spot (14, 56) . The presence of meiotic recombination activity in these hot spots is dependent on the MHC haplotype (46) . The Ea hot spot is observed in genetic crosses involving the p haplotype, while the Eb hotspot is active in the b, d, and k haplotypes (22) . Similarly, the Psmb9 and Pb hot spots show maximal recombination activity in the cas3 and wm7 and the cas4 and wm7 haplotypes, respectively (18) . We have used a different population genetics-based approach to show the presence of a recombination hot spot close to the previously determined meiotic repair site. Our estimate of the recombination intensity for this locus is 10-to 100-fold higher than the genome average, and this indicates the locus to be a strong recombination hot spot comparable to the Eb hot spot, which has a recombination intensity 40-fold over the genome average (7) . By following a population genetics-based approach, we have also been able to estimate the recombination parameter (R) for this locus to be 0.0026/bp or 2.5/kb. While estimates of R are known for some of the human hot spots (1, 55), it has not been determined for any of the mouse recombination hot spots. We note from the present study that the recombination-gene conversion site is around 10 kb downstream of the 1.3-kb region which we had identified earlier as a meiotic repair site (38) . We believe that the 1.3-kb sequence which is rich in recombination potentiating sequence motifs (38) probably acts to stimulate recombination activity in the surrounding genomic regions. Very little is known about gene conversion in mammals, despite being an important mechanism in breaking down allelic associations. There are few current experimental estimates of (14) . We did not observe tract lengths longer than 627 bp, most likely because recombination would quickly reshuffle the polymorphisms, except for those that are very close together. This is particularly true while inferring conversion tract lengths from population-based DNA sequence data, and previous studies based on DNA sequence data have shown short tract lengths of 10 and 16 bp for the Est-5␤ and Est-5 C genes (23) and an average length of 51 bp for the rp49 locus (40) in Drosophila spp., because of conversion events getting broken up by subsequent recombination events. Hence, calculations of conversion tract length from population-based sequence data are likely to be underestimates for regions with a high density of crossover or conversion events. Interestingly, two HVMS sequences positioned at 13,466 and 13,576 bp and an LTR sequence at 13,748 bp are in close proximity to the location of the conversion tracts in the 1-kb hot spot locus between 13,595 and 13,971 bp. HVMS and LTR sequences are known to be potentiators of meiotic recombination in in vitro assays (11, 46, 54) . A comparison of this recombination hot spot with the cluster of four recombination hot spots in the mouse MHC complex reveals several parallel features. All of the four recombination hot spots in the MHC region contain an LTR element, a middle repetitive element of the mouse transcript family, and tandem repeats of a tetrameric sequence resembling HVMS. The concentration of the crossover points is either in the 3Ј end of the genes as seen in the Psmb9 hot spot or in the intron of the genes as seen in the Eb, Ea, and Pb hot spots, with none of the breakpoints located at the 5Ј region of the genes as in S. cerevisiae. Our localization of crossover activity follows a similar paradigm, with the crossover regions being present close to LTR and HVMS sequences. Further, they lie at the 3Ј end of the transcribed region. Unlike the Pb and Psmb9 hot spots, where transcriptional activity is not seen in meiotic cells (18) , we have seen that the 2.4-kb noncoding RNA is present in the testis and flanks the MAR domain in the 17.2-kb fragment.
The noncoding RNAs have been implicated in several functions such as transcriptional regulation, chromosomal replication, and protein translocation (10, 48) . The mouse genome has also been reported to have an abundance of noncoding RNAs, most of which are unspliced, single-exon RNA polymerase II-mediated transcripts (52) . At this stage we do not know what function this RNA serves, but the presence of transcriptional activity close to a recombination hot spot region is in agreement with a role of open chromatin domains in recombinational activity and is suggestive of an ␣ hot spot. There is also a striking correlation between the presence of DUEs at 11.2 kb, a S/MAR domain between 10.4 and 15.8 kb, and recombinational activity nearby. The presence of such an intrinsically open chromatin structure which would be prone to double-strand breaks shows that it can also function as a ␤ hot spot. The recombination hot spot in the 17.2-kb locus thus has properties of both ␣ and ␤ hot spots. However, the moderate percentage (38.57%) of GϩC content rules out a ␥ hot spotlike nature. While yeast and mammalian recombination hot spots exhibit a global relationship of GC-rich domains and elevated recombination rates (36) , the lack of such correlation seen for the 17.2-kb locus is probably due to a high resolution analysis.
Another important new feature of mouse recombination hot spots that has emerged from the present study is the association seen between S/MAR elements and the crossover sites. Both in silico analysis and experimental studies using LISextracted matrix DNA have provided evidence for such an in vivo association. LTR elements are also known to integrate preferentially at S/MARs and are the most abundant class of repeats in the 17.2-kb fragment. Thus, the crossover site which has been fine mapped to between 13.3 and 14.3 kb is contained in a S/MAR domain which is characterized by the ease of DNA unwinding, which could be required for different aspects of the meiotic pairing process. The association of meiotic activity with S/MAR elements was also found to be true for the Ea, Pb, and Psmb9 mouse MHC hot spots. These observations suggest that a subset of S/MARs associated with the meiotic chromosome cores are converted into crossover regions, for at least some recombination hot spots, which is a distinct possibility considering that they are capable of undergoing stress-induced duplex destabilization. In conclusion, our studies define a new recombination hot spot in proximity to a novel noncoding RNA transcript. These studies also provide the first estimate for the R value for any hot spot locus in the mouse and also the probable length of gene conversion tracts for a hot spot outside the MHC cluster.
